Liquid jet impingement is an attractive option for thermal management because of its efficiency in removing high
INTRODUCTION
Ever-increasing power requirements leading to excess high heat flux densities have turned thermal management into a serious impediment in the advancement of electronics, defense, and space technologies. These applications impose low-temperature limits and typically dissipate high heat fluxes, often in the range of 100-250 W/cm 2 , or even higher in some applications (Mitsutake and Monde, 2003; Ebadian and Lin, 2011; Sung and Mudawar, 2008; Mudawar, 2013; Qiu et al., 2015) . Among contemporary techniques, liquid jet impingement is one of the most effective ways of removing such high fluxes, having displayed heat transfer coefficients on the order of ∼ 10,000 W/m 2 ·K and higher. The present paper focuses on the single-and two-phase heat transfer characteristics of a free-surface water jet operating at low pressures. Special emphasis is given to undertake flow visualization at low operating pressures, since it provides supporting clues for extracting and understanding the underlying physics.
An early review of Wolf et al. (1993) covered a wide range of studies involving jet impingement configurations. The boiling curve (heat flux versus wall superheat) for jet impingement was classified into three regimes: single-phase Copeland (1970) , Ruch and Holman (1975) , and Monde and Katto (1978) revealed that heat flux was fully independent of the jet velocity in the nucleate boiling regime of the boiling curves. The results obtained by Ma and Bergles (1986) with a R113 jet impingement setup concurred with the same trend at low flow rates, but differed at high flow rates. Wolf et al. (1996) , in a later study with a planar jet, reported that jet velocity and stream wise distance from the stagnation point had little effect on the fully developed boiling heat transfer compared to a significant effect on single-phase heat transfer. Table 1 lists these early correlations proposed in the aforementioned papers for the nucleate boiling data with impinging jets. As can be seen, the power-law exponent of q ′′ versus ∆T is typically observed to vary between ∼ 2 and ∼ 3.
The results from jet impingement experiments conducted by Zhou and Ma (2004) with R113 as the working fluid also conformed to the earlier literature, i.e., heat transfer during nucleate boiling was independent of the jet parameters (jet velocity, surface-to-nozzle distance, and nozzle diameter), and the increased subcooling resulted in a leftward shift of the nucleate boiling curve, enhancing heat transfer. Later, Qiu and Liu (2008) , in their study of nucleate boiling on a TiO 2 -coated superhydrophilic surface, reported that boiling curves for different jet velocities converged into an overlapping steep line. Ebadian and Lin (2011) reported a comparative review on high-heat removal technologies, namely, microchannels, jet impingement, and sprays. Mahmoudi et al. (2012) investigated the effect of impact distance on the boiling curve and critical heat flux (CHF) under different jet impingement velocity conditions. The impact distance had limited influence on the boiling curve and CHF in high jet velocities (greater than 0.6 m/s for 2.95 sat his study). Ndao et al. (2012) experimentally studied the boiling heat transfer effect on different saturation pressures (820 and 1090 kPa) for the fluid R134a along with various inlet velocity conditions and surface texturing. It was reported that flow boiling jet impingement on smooth surfaces undergoes boiling hysteresis and subcooling plays a dominant role in heat transfer as the onset of nucleate boiling (ONB) heat flux changes significantly. Browne et al. (2012) studied flow boiling heat transfer using two arrays of microjets of R134a for various inlet fluid velocities, jet-to-heater size ratios, and degrees of subcooling. It was found that both the heat flux and surface temperature of the ONB was enhanced by an increase in subcooling in the boiling regime. Zhao et al. (2013) reported that water jet impingement on a structured porous surface, created by diffusion bonding layers of highly conductive copper wire mesh screens onto plain heat transfer base surfaces, resulted in a fourfold improvement in the heat transfer performance when compared to plain surfaces. However, the variations in jet velocity and jet subcooling showed insignificant effects on the heat transfer during the FDNB regime. Mudawar (2013) compared coolant flow rates/pressure drops to achieve similar heat removal capabilities of several contemporary techniques. Regarding jet impingement, it was shown that the effect of the jet velocity is more pronounced than that of the jet width. The CHF can be drastically increased with impinging jet velocity. Hong et al. (2014) investigated the effect of subcooling of coolant, jet-to-target spacing, and velocity of fluid on the heat transfer rate for the single-phase as well as the boiling regime. With an increase in subcooling of fluid at atmospheric pressure, the traditional boiling curve shifts to the left. Qiu et al. (2015) stated that although jet velocity, diameter, and subcooling have comparatively lesser effects on the boiling curve, the ONB and CHF are greatly affected by these parameters. They also showed that cooling rates are strong functions of target surface morphological parameters. While microscale surface roughness (of the target surface) influences the pattern of bubble generation and enhances boiling heat transfer, nanoscale surface affects and contact angle influences heat transfer only in the boiling regime. Kheirabadi et al. (2016) , in a recent review, discussed the nuances of direct impingement liquid cooling (involving direct contact between the coolant and electronic component) and indirect liquid cooling (no direct contact between the coolant and electronic chip). It was reported that although direct liquid cooling yields uniform surface temperature the process is less versatile compared to indirect cooling due to the inferior thermophysical properties of dielectric fluids used in the former technology. Clark et al. (2019) found that CHF in the case of confined jet impingement in the velocity range of 1-9 m/s and orifice-to-target spacing of 0.5 ≤ H/d ≤ 10 is much higher than the pool boiling limits. The CHF in the confined jet impingement case increases linearly with increasing velocity and the convective effects of the jet have a negligible effect.
Over the years, visualization studies have been of immense help in explaining the complex phenomenon of phase-change heat transfer, where interfacial hydrodynamics has strong coupling with the ensuing heat transfer, for example, during droplet dynamics, evaporation, dropwise condensation on textured surfaces, nucleate boiling and CHF in flow and pool configurations, etc. (Chien and Webb, 1998; Ramaswamy et al., 2002; Bang and Chang, 2005; Somwanshi et al., 2018) . The majority of visualization studies on jet impingement have dealt with the flow structure of jets and their influence on single-phase heat transfer. Among the limited works available with regard to two-phase flow characteristics, there is a dearth of visualization studies on free surface jets, since a sizable number of these studies cater to impinging jets in the submerged configuration. Moreover, very little visualization evidence is available to highlight the CHF mechanisms of impinging boiling jets. For example, Cardenas and Narayanan (2011) used visualization studies to supplement trends in the heat transfer data obtained from their experiments with submerged jet impingement boiling of FC-72 on a heated copper surface. Zhou et al. (2014) performed high-speed visualization experiments with a multiple jets array in a submerged configuration, using HFE-7100 as a coolant, on a copper heat spreader with porous coating. It was observed that the boiling process begins in the region surrounding the stagnation point and then moves toward the stagnation region as the heat flux is increased.
Liquid jet impingement, with phase change, is a true game changer in the existing stream of advanced cooling technologies. A comprehensive knowledge of the heat transfer mechanism and system-specific effects on the heat transfer in jet impingement is a vital step in putting such systems into practical use. The motivation for the current investigation is towards exploring liquid jet impingement for cooling next-generation, high-powered solid-state lasers and LEDs, for example, for defense and military purposes. Water, with its many desirable features, is the preferred coolant in such applications since it is readily available, cost effective, and safe. The existing literature is limited to liquid jet impingement at atmospheric and near atmospheric pressures, where coolants such as FC87, R113, R134A, and FC72 have dominated many of the investigations due to the low saturation temperatures they exhibit at near atmospheric pressures, which in turn, ensure wall temperatures within the limits imposed by most electronics. However, these coolants lose out to water with respect to thermophysical properties, such as the specific heat and latent heat of vaporization, as pointed out in a previous study by Mudawar (2001) . With this motivation, an experimental facility capable of studying the single-and two-phase heat transfer characteristics of free surface micro-water jets at subatmospheric pressures, while allowing simultaneous capturing of high-speed visualizations, was set up; the results from which are reported here.
EXPERIMENTAL SETUP AND METHODOLOGY
A schematic diagram of the closed flow loop implemented in the experiment is shown in Fig. 1(a) . Coolant is drawn by a gear pump (Ismatec ® CP-78008-10) calibrated to ± 0.1 ml/min from a pool reservoir in the test cylinder. The coolant passes through a heat exchanger to maintain its temperature, and is finally made to impinge as a jet via a nozzle fitted at the end of a stainless-steel capillary tube (outside diameter = 3.8 mm and inside diameter = 3.0 mm) on the heated test surface located perpendicular to the direction of the jet. The liquid finally returns back to the pool reservoir to complete the flow circuit. A condenser line, controlled by a constant temperature water bath, is provided to maintain the working saturation pressure inside the test cylinder. A separate line is provided for vacuuming the entire circuit (vacuum level < 10 −3 mbar with rotary rougher pump followed by Varian ® diffusion pump), as shown. A vacuum-tight test cylinder capable of maintaining pressures up to 10 −3 mbar was designed, which contained a heater assembly, condenser, and jet flow enabling nozzle. The heater assembly [shown in Fig. 1(b) ], consisting of a test surface, heater block, and Teflon housing (body and cover), was designed to facilitate one-dimensional heat conduction and a constant heat flux boundary condition at the surface. The flat metallic test surface has a 10-mmdiameter circular face exposed to the impinging jet, and the other face is in contact with the heater block, tightly fitted into a Teflon body (outside diameter = 68 mm) capable of withstanding temperatures up to 400°C. Teflon (k = 0.35 W/m·K) was chosen for the housing because of its good insulating properties and aluminum (k = 237 W/m·K) was used for the test surface. Heat was supplied by four cylindrical cartridge heaters, each having a maximum wattage of 180 W, inserted into the heater block. Five K-type micro-thermocouples with bead diameter of 0.076 mm (Omega ® model: 5SRTC-TT-K-40-72, accuracy ± 0.1°C after calibration against Pt-100), were embedded into the heater block at heights of 1.6, 13.6, 23.6, 33.6, 44.6, and 55.6 mm from the test surface along the axis. The uppermost thermocouple, inserted at a height of 1.6 mm from the test surface along its centerline [as shown in Fig.  1(c) ], was used to estimate the true heater surface temperature, while the latter thermocouples were used to monitor the temperature profile along the heater to (1) have an independent check on the applied heat flux and (2) estimate the thermal losses. The cylinder's upper flange held the control condenser coil, the stainless-steel capillary tube discharging the jet, and the vacuum pump port. Auxiliary silicone rubber-based flat surface mountable heaters were provided on the walls around the liquid reservoir pool to help reach the required saturation conditions quickly. A circular nozzle (481.2 µm wide) was used to discharge the jet along the center of the test surface from a height of 5 mm above the surface, as shown in Figs. 1(d) and 1(e). Figure 1 (f) is a photograph of the typical jet flow configuration. A digital absolute pressure transducer (Honeywell ® , full scale accuracy of 0.1%, National Institute of Standards and Technology traceable calibration, operating range 0-3 bar absolute pressure) and an analog differential pressure gauge were used to measure the pressure inside the test cylinder. An auto-transformer was used to control the power supplied to the heaters.
The test surface was a lathe-machined aluminum component (commercial grade Al-6061). Its heat transfer top surface was subsequently prepared with a horizontal grinding machine and finished to an average roughness (R a ) of 0.45 µm, measured with the help of a stylus-based portable roughness measurement device (Mitutoyo ® SJ500, resolution 0.01 µm).
A 24-bit data acquisition system (National Instruments ® NI-9211) was used to measure the thermocouple signal while the pressure signal was obtained via a 16-bit analog input module (NI-9205). All measurement signals were acquired at a frequency of 2 Hz, and continuously monitored and stored via a Labview ® -based platform. High-speed videography was performed using a Photron ® FASTCAM SA3 at 3000 frames per second, while a high-powered diffused light-emitting diode white light lamp illuminated the test surface and the impinging jet on it.
EXPERIMENTAL METHODOLOGY
Deionized water was used as the working fluid. At the start of each experiment, the test cylinder was thoroughly cleansed and dried before evacuating it to a pressure on the order 10 −3 mbar. Degassed water was then charged into the test cylinder until it reached a previously marked height below the boiling test surface, serving as the pool reservoir. Subsequently, the desired saturation pressure inside the cylinder was attained by slowly increasing the liquid pool temperature using the auxiliary heaters. Saturated conditions were confirmed when the pool temperature data agreed with the saturation temperature data (corresponding to the operating pressure). With saturated conditions attained at the required pressure, the water-flow loop was started and the power to the main test surface heaters was switched on. Input power to these heaters was raised in small increments and the corresponding surface temperature was duly allowed to reach a steady state, with fluctuations not exceeding ± 0.4°C. Time-averaged data from all of the thermocouples for the latest five minutes was noted once the temperature reading remained steady for over 10-15 minutes. The gear pufmp had a flow range up to 200 ml/min and the desired flow rate was preset before starting the pump. An external water bath (Haake ® DC10/K20) was used to circulate water through the condenser coil, which in turn maintained the pressure inside the test cylinder (fluctuation of ± 0.1 mbar) by balancing the heat removed inside the test chamber. All of the experiments were essentially heat flux controlled.
DATA REDUCTION
Since heat is essentially generated by the electric heaters via joule heating, the net heat flux supplied is given by
where V is the voltage supplied to the heaters, I is the current, and A is the surface area of the heated test surface (in which supply power Q = V I). The discrepancy of the actual heat flux estimated using the temperature measurements of the embedded thermocouples was typically between 5% and 9% of net supply Q. The surface temperature (T w ) was evaluated using the one-dimensional heat conduction assumption and data from the uppermost thermocouple (T ), which is at a depth ∆y = 1.6 mm below the surface
The heat transfer coefficient was calculated by the following expression:
where T f is the jet inlet temperature. The Reynolds number was calculated using the liquid jet velocity at the nozzle outlet (u j ), the diameter of the nozzle (d j ), the fluid density (ρ f ), and the dynamic viscosity (µ f ) evaluated at the operating temperature:
RESULTS AND DISCUSSION
The results of the jet impingement experiments performed under saturation conditions at operating vapor pressures of 0.095 and 0.180 bar, corresponding to saturation temperatures of ∼ 45°C and 58°C, respectively, are presented in this section. The effects of the degree of subcooling and jet velocity on the boiling curve are discussed, followed by a comparison of the experimental results with data from the literature on jet impingement. Finally, the results of the visualization studies depicting the heat transfer mechanism during jet impingement boiling are presented. temperatures of 15°C and 3°C, respectively. At low heat fluxes, an increase in the jet velocity (or Reynolds number) led to improvement in the heat transfer with the plots shifting leftward, i.e., at a given heat flux, higher jet velocities resulted in lower wall superheat (or surface temperature). In single-phase convection prior to boiling, the heat transfer coefficient is strongly dependent on the Reynolds number, and this explains the improvement in heat transfer with increasing velocity (h ∼ Re m Pr n ). At higher heat fluxes, after nucleate boiling is initiated, boiling curves for the different Reynolds numbers merge into a common asymptote, as shown in Figs. 2(a) and 2(b) . This establishes that increasing jet velocity significantly improves the heat transfer during single-phase convection but has practically little influence on the heat transfer rate once nucleate boiling is fully established. This is in accordance with a majority of trends published in the available literature, as discussed earlier.
Variation with Jet Inlet Velocity
To understand the behavior of the heat transfer coefficient (h), it is plotted against the wall superheat [∆T sat = (T w − T sat )], as shown in the Fig. 2(a) inset for jets at Re = 2186 and 4374 and Fig. 2(b) inset for jets at Re = 2186 and 3499. As can be seen, at low heat fluxes (wall superheat) the heat transfer coefficient remains relatively constant, indicating a linear relationship between the heat flux and wall superheat, which essentially points to heat transfer by forced convection. Further increase in the heat flux (wall superheat) shows an increase in the heat transfer coefficient when plotted against the wall superheat. This implies the commencement of the nucleate boiling phase, where the linear relationship between the heat flux and wall superheat no longer holds true. The improvement in the heat transfer coefficient with higher Reynolds numbers Re = 4374 in Fig. 2(a) and Re = 3499 in Fig. 2(b) , compared to that at Re = 2186, is also observed. The power-law variation of heat flux versus subcooling will be discussed in Section 5.3. The curves finally merge at very high heat fluxes, reiterating the independence of the jet velocity on the heat transfer once FDNB is established. As can be noted, the absolute value of the heat transfer coefficient obtained in these experiments ranged between 15,000 to 40,000 W/m 2 ·K.
Variation with Jet Inlet Subcooling
Boiling curves of jets with varying subcooling temperatures (∆T sub = T sat − T f ) under saturated conditions at jet Reynolds number = 3499 and operating pressures of 0.095 and 0.180 bar are shown in Figs. 3(a) and 3(b), respectively. A change in the slope marks the commencement/onset of nucleate boiling (as shown), it is observed that during singlephase convection, subcooling has an enormous influence on the heat transfer. The higher the subcooling, the lower is the wall temperature at a given heat flux. Once FDNB is established at high heat fluxes, which can be clearly discerned by flow visualization (see the supplementary videos), higher subcooling seems to have a marginal effect on the boiling curves, pushing them slightly leftward. Increased sensible heat capacity of fluid at higher subcooling can be cited as a reason behind the stated trends in single-phase convection and FDNB. A gradual delay in the establishment of FDNB is also observed with increasing subcooling in the plots. The encircled data points in the plots indicate the establishment of a FDNB phase, and it is observed that with increased subcooling the heat flux required to reach the FDNB phase increases. Also, visualization studies clearly showed a delay in the incipience of boiling with increased level of subcooling. Lower temperatures of the impinging fluid requiring greater sensible heat to achieve the activation temperature for the incipience of nucleation, is understood to be the underlying explanation. This observation conforms to the results of a sizable number of papers discussed in the literature review, in addition to the general pool boiling characteristics, where higher subcooling pushes the boiling curve leftward.
Comparison with the Literature
In this section, the current experimental results are compared with some of the past studies pertaining to jet impingement cooling. However, it is noted that the available literature data are only for experimental conditions that are near atmospheric pressure conditions, as listed in Table 2 . Figure 4 shows the results of the works summarized in Table  2 compared with the experimental results at P sat = 0.180 bar presented in this paper. At the onset, it is clear that most of the trends in the literature are similar to those followed by the current data. The Copeland (1970) nucleate boiling data are represented by the correlation in Table 1 , independent of the jet velocity and subcooling. The current FDNB data closely match the Copeland (1970) data because of the similarity in experimental conditions and coolant 
FIG. 4:
Comparison of the present experimental results (low-pressure data) with the results from the literature (near atmospheric pressure data, as detailed in Table 1) choice (water). However, the effect of lower operating pressure on the heat transfer characteristics needs further detailed investigations, with a much broader range of low pressures and a variety of working fluids. The superiority of water as a coolant, when compared to R114, is clearly evident when comparing the cooling performance of the data reported by Ma and Bergles (1986) with that of the current experiments. The data reported by Wolf et al. (1996) and Qiu and Liu (2008) have poorer boiling performance when compared to the current data within the lower ranges of wall superheat, but at higher wall superheats they show removal of very high heat fluxes. High subcooling and jet Reynolds numbers, as seen in Table 2 , are understood to be the reasons behind these trends. The data reported by Zhao et al. (2013) show superior heat transfer characteristics in removing the higher range of heat fluxes at significantly lower wall superheats. As per the authors, this is primarily due to the high Reynolds number used in a confined jet configuration, which is seen to significantly aid the heat transfer by better flow control and directed shear close to the wall. A comparative analysis of this kind would help in the evaluation of cooling performances when choosing between cooling techniques for a particular application. Nucleate boiling data are often expressed by a power law q ′′ FDNB ≈ C∆T n sat in the literature (Table 1) , where C and n are constants, determined by a curve fit of the global experimental data. A curve fit was carried out with the current FDNB data, as shown in Fig. 2 , and exponent n was found to lie between 1.3 and 1.5. The exponent value reported in this paper is smaller than those observed in the literature (see Table 1 ), pointing to degraded boiling performance at subatmospheric conditions. As noted previously, for two-phase jet impingement systems operating close to atmospheric conditions, the exponent is between ∼ 2 and ∼ 3. This present finding is consistent with the observations of McGillis et al. (1990) and Pal and Joshi (2008) in their pool boiling experiments at subatmospheric conditions using water. Saturation pressure has an influence on the onset of bubble nucleation and the bubble generation process, and at low pressures the boiling performance is significantly decreased. Additionally, in the current boiling data set, thermal performance was adversely affected by the low surface roughness (R a = 0.45 µm) of the heater surface used in the experiments. Nucleate boiling is understood to be inhibited on smooth surfaces because of the reduced availability of active nucleation sites. However, the effects of the choice of fluid, surface tension, low-pressure conditions, and jet subcoolings on exponent n would require further extensive investigations to develop generalized correlations. Although it is quite clear that the exponent is markedly reduced under low operating pressure conditions. in the immediate vicinity of the jet is essentially the area under jet influence. This region is characterized by high fluid velocities in the radial direction and the formation of a very thin fluid flow layer, leading to very low thermal resistance. These factors together are understood to contribute to the high heat transfer coefficients observed during single-phase convection. The fluid retards as it flows radially outward on the heater surface, and the fluid layer gradually thickens into a hydraulic liquid jump at the periphery of the area under the influence of the jet, as shown here and in Supplemental Video 1. As the jet velocity (or Reynolds number) increased, it was observed that the size of the area under jet influence increased and the hydraulic jump was pushed radially farther. A thinner film covering a larger area under the jet influence meant improved forced convection conditions and better heat transfer coefficients, as observed previously in Fig. 2 (inset) .
Visualization Studies
As the heat flux was gradually increased, smaller-sized isolated bubbles were observed in the inner core of the jet influence, which were seen to be rapidly sheared by the radial liquid flow effusing out of the jet. Larger-sized bubble formation was also observed to be initiated outside the circumference of the area under jet influence, as shown in Fig. 5(b) , approximately corresponding to the heat fluxes given in Fig. 2(a) , where the heat transfer coefficient begins to rise at Re = 4374. Bubble formation outside the perimeter of the area under jet influence can be attributed to the high thermal resistance in the region with smaller fluid velocities and larger film thickness when compared to the inner region, which is under the influence of the jet's strong outward radial flow. Comparatively larger thermal resistance results in larger surface temperature, and thus bubble nucleation sites are activated in the outer region at relatively lower heat fluxes. At very low operating pressures, larger bubbles are formed at these sites, which are then destroyed and sheared by the radial jet flow, thereby creating splashing and mixing of fluid (as shown in Supplemental Video 2). Formation of bubbles and the consequent driving action of the jet is the reason behind the enhancement in the heat transfer coefficient compared to the single-phase convection regime. With increased subcooling, it was observed that the required heat flux to achieve the activation temperature increases, which results in a delay in the incipience of boiling. With the heat flux further increased, an increase in the bubble generation frequency is observed, as shown in Fig. 5(c) and Supplemental Video 3. This, when combined with the driving-out action of the jet's radial flow, contributes to further increase in the heat transfer coefficient. This mechanism is also referred to as the partially developed nucleate boiling phase. Higher jet velocities contribute to improved single-phase convection conditions along with the boiling phenomenon, and hence result in better heat transfer coefficients before FDNB is established, as shown in the insets in Figs. 2(a) and 2(b) . At very high heat fluxes there is vigorous mixing of vapor and liquid, manifested by chaotic bouncing and splashing of liquid (see Supplemental Video 4). Also, the thus far distinguishable jet influence region is no longer observed. A uniform film with very small thickness, as seen in Fig. 5(d) , is observed, resulting in the highest observable heat transfer coefficients. Any change in jet velocity seems to have no significant effect on thermal transport under such vigorous conditions. This is the FDNB phase, which is essentially independent of the jet flow Reynolds number.
In order to better understand the mechanism of jet impingement boiling while protecting the heater assembly from burnout, a few experimental results beyond CHF were carried out; however, these data could not be acquired consistently because of the limitations of the setup in maintaining constant pressures (0.095 and 0.180 bar) at very high heat fluxes. Heat fluxes beyond ∼ 150 W/cm 2 resulted in complete blanketing of the surface by the vapor, barring a small region surrounding the stagnation point, as can be seen in Fig. 5 (e) and Supplemental Video 5. It was not possible for the liquid emanating from the jet to wet the surface due to the high reflux vapor velocity. This depicts the film boiling region of a typical jet impingement boiling curve. The CHF condition was marked by a step rise in the surface temperature. The dry-out progression from the periphery toward the jet axis, as reported by Wolf et al. (1993) in their review of jet impingement, is clearly evident in the reported photographs and video (see Supplemental Video 5).
SUMMARY AND CONCLUSIONS
The single-and two-phase heat transfer characteristics of free-surface water jets impinging on an aluminum surface at subatmospheric pressures of 0.095 and 0.180 bar have been presented. Inferring upon the boiling curves and the supporting high-speed visualization studies, the following conclusions can be drawn:
1. During single-phase convection, jet inlet velocity and subcooling had a pronounced effect on the heat transfer.
Higher jet velocities and higher subcoolings removed higher heat fluxes. However, in contrast, during the FDNB phase, a change in the jet inlet velocity had practically no effect on the heat transfer, while the degree of subcooling showed marginal improvement in the heat transfer under similar conditions.
2.
Comparison with different data in the literature showed that the present experimental data qualitatively follow trends quite similar to those reported in the literature. Quantitative data strongly depend on the operating pressure and jet flow conditions. For a comprehensive picture, systematic experiments are needed to discern the complete thermo-physics of the ensuing flow.
3. Different phases of boiling in jet impingement, namely, single-phase convection, ONB, partially developed nucleate boiling, FDNB, and film boiling (beyond CHF), have been highlighted through high-speed visualizations and flow features that connect to heat transfer mechanisms, and the trends have been delineated. Such visualization of boiling microjets manifests important aspects of the underlying physics, and several defining characteristics of transport phenomena can be ascertained from it. As inertia forces increase, it becomes more challenging to capture the radially flowing micro-bubbles. In addition, more efforts are needed to ascertain the effect of lowering the pressure on local thermo-hydrodynamics.
4. In the FDNB regime, two-phase jets at subatmospheric conditions show a weaker dependency on the degree of superheat compared to jets operating at near atmospheric conditions. The heat transfer coefficients obtained were quite high, in the range of 15,000-40,000 W/m 2 ·K, and the CHF values obtained were in the range of 140-168 W/cm 2 at surface temperature close to ∼ 75°C for operating pressures of 0.095 and 0.180 bar, respectively. Low-pressure boiling jets, employing closed flow loop circuits, are an attractive option for controlling the surface temperature at which equipment operation is desired. Although operation at low pressure significantly decreases the overall boiling heat transfer performance, as compared to operation at atmospheric pressure, surface temperatures are substantially reduced to values which are acceptable for thermal management of electronics.
